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A method was developed to investigate the dielectric
response of non-spherical zinc oxide particles in a gaseous
suspension. The method exploited a change in a microwave
cavity resonance when the particles were aligned with respect
to the microwave electric field. To enhance the detectability
of this change, modulation techniques were employed for align-
ment and detection purposes.
A theory was devised to explain this method and experi-
ments were conducted, the results of which support this theory,
Investigations with the zinc oxide particles produced in these
experiments indicated that the particle response demonstrated
saturation and that the particles are easily aligned in an
electric field strength of several hundred Volts/cm. The zinc
oxide particles produced showed a relaxation frequency of
approximately 56 Hz and ranged in size from approximately
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I. INTRODUCTION
Dielectric behavior as a method of studying molecular
systems has been a topic of research since 1912 when P. Debye
first introduced a theory for the interpretation of the
dielectric constant and loss associated with un-ionized
materials. References 1 and 2 contain the basic theories
presented by Debye and Fr'ohlich in order to explain dielec-
tric properties. The basic dielectric response arises from
the charge separation induced by electric fields and is
described in general by the dielectric constant tensor.
Dielectric saturation and dispersion are phenomena directly
associated with the total polarizability of a material.
Saturation effects result from a limitation of the polariza-
bility of a material when subjected to strong electric fields.
Dispersion is a function of the frequency of the applied
field and is a result of the relaxation of the orientational
contribution to the total polarizability.
Dielectric properties of molecular systems in the gaseous,
liquid, or solid state have been characterized for a large
number of materials and the response mechanisms are under-
stood. For these molecular systems, the effects of saturation
and dispersion are usually observed in fields of approximately
10 5 Volt/cm (saturation) and 10 Hz (dispersion). These
effects are discussed in Refs. 3 and 4.
Methods used to obtain dielectric constants include a
comparison of capacitance measurements for static or low
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frequencies, and microwave methods for high frequencies
[3,^]- Microwave methods involve the measurement of a
resonant cavity shift and attenuation when a dielectric
material is introduced into the cavity. The material is
generally placed at a point of maximum electric field
strength. This procedure insures the greatest attenuation
and frequency shift.
Solid non-spherical dielectric particles suspended in
a gas should also exhibit dielectric behavior and therefore
be characterized by dielectric methods. However, until
recently little attention has been given to a characteriza-
tion of this behavior or to methods developed for their study,
Microwave measurement techniques have been applied to dielec-
tric studies previously and should be useful in particulate
suspension studies.
The application of an electric field to particles having
an anisotropic polarizability tensor tends to align these
particles with the field. This fact suggests a technique
for modulating the particle alignment and studying properties
of such systems. Modulation techniques when applied to a
system improve the overall detectability of a small change in
a material property such as a microwave frequency shift and
attenuation.
The primary objective of this study was to develop a
means to investigate dielectric non-spherical particulate
suspensions utilizing dielectric and microwave methods for
characterization and detection purposes. The basic concept
11

involved the introduction of a particulate suspension into a
resonant microwave cavity where an impressed electric field
forced particle alignment with respect to the microwave
electric field. The particle alignment resulted in a change
in a microwave cavity resonance frequency and Q. Modulation
techniques were then employed for particle alignment and
detection purposes.
Representative studies of recent investigations in the
area of non-spherical particles are presented as an intro-
duction to previously utilized methods. Atlas, Kerker, and
Hitschfeld in Ref . 5 investigated the effects of non-spherical
atmospheric particles on the returned radar echo from rain and
snow. Jones in Ref. 6 investigated the increase in IR emis-
sivity due to the elongation of suspended carbon particles and
the effects of "streaming birefringence" and/or electric
fields. The tendency of electric fields to align the
particles led to an increase or decrease in emissivity
depending on particle orientation relative to the incident
IR radiation. Vogel, Circle, and Powell in Ref. 7 investigated
the optical character of irregularly shaped zinc oxide
particles using an angular scanning spectropolarimeter and
back scattering.
Section II develops and expands a theory for the basic
dielectric response, saturation behavior, and relaxation
phenomena expected for general non-spherical suspended
dielectric particles. Section III provides a description of
the method used for particulate suspension production, the
12

experimental apparatus, and the evolution of microwave
cavity designs used to observe and record the response.
Section IV is a discussion of the results obtained from a
suspension of zinc oxide particles illustrating the basic
response, saturation behavior, relaxation frequency determina-
tion, and particle size distribution. Section IV also
contains the results obtained as a characterization of the
sensitivity of the response exhibited by zinc oxide to
varying conditions of reactant gas flow rates and temperature
of zinc oxide production.
The methods currently in use in the study of highly
dispersed aerosols (HDA), listed in Ref. 8, include light
scattering and precipitation measurements to determine either
an average particle size or a distribution of particle sizes.
The methods employed here to obtain a response related to
dielectric behavior provide a means to investigate particulate
suspensions without reliance on either particle magnification
or precipitation. By an investigation of saturation and
relaxation behavior, particle size and size distributions can
be determined. For these reasons the following study should
be of interest in aerosol physics research, pollution studies,




The following theory for the response exhibited by
non-spherical dielectric particles was developed as a general
explanation of the basic response and predicted dielectric
behavior associated with the phenomena of saturation and
relaxation in an electric field. The theory was expanded to
include modulation techniques employed to enhance the
detectability of the response. A development of a method
to determine the size distribution of suspended particles by
comparison of the real (in phase) and imaginary (90° out of
phase) response is also included.
Although the supporting experimental investigations
dealt exclusively with the response exhibited by zinc oxide
(ZnO) particulate suspensions, the theory should apply to
other dielectric materials as long as the assumption of a
cylindrical particle shape is valid. Table III which predicts




By a consideration of the geometrical dimensions of
a cavity, the resonant frequencies for a given mode can be
determined. For a rectangular geometry the resonant wave
length, A , for a given mode, TE n , n , n , is given by:
x y z
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n are the number of half wave lengths for the
x y z
given cavity dimensions and L , L , L are the cavity dimen-
x y z
sions. For a cylindrical, coaxial geometry, Beringer in
Ref. 9> developed an equation for resonant TE modes as
2 4
* = \ 2 (2)
where Xp m
= roots of J*(x)N'(nx) = J'(nx)N'(x) and J' and
N' are Bessel functions of the first and second kind, n = —
I 'a
(b = inside cylinder radius, a = D = outside cylinder radius),
n = number of half wave lengths along cavity length, and
L = cavity length. Charted values of Xn and Xo (1-n)
versus n. for each resonant mode[9] 5 remove the cumbersome
procedure of solving for x 5 for each value of n
•
2. Perturbation by Dielectric Particles
When an object is introduced into a microwave cavity,
its presence will perturb the cavity by causing a shift
in the resonant frequency and/or a decrease in the quality
factor, Q, for the cavity by attenuating to some extent the
cavity microwave fields. The exact type of perturbation
which a particle causes depends on the particle susceptibility,
geometry, location and orientation within the cavity.
To illustrate these perturbations, first consider a
thin metallic needle. If the needle is suspended in the
cavity and is free to assume a random orientation, the
resonant frequency will change as the needle's orientation is
15

changed with respect to the microwave E-field. When the
needle is perpendicular to the E-field there will be little
if any frequency shift. The amount of this shift increases
as the needle rotates to a more parallel alignment and
reaches a maximum when the needle aligns parallel to the
E-field. Ginzton in Ref. 10 utilizes a needle-shaped
metallic object suspended in a cavity to determine the
orientation of the electric field.
If a dipole (multipole) moment can be induced in a
dielectric material, then the induced dipole will cause a
cavity response similar to that described for the metallic
needle. In addition to this response, if the dielectric




J X" ? then the material will not only cause a
resonance frequency shift but will also attenuate the micro-
wave fields. By extending the development given by Lax and
Button in Ref. 11, the extent of the frequency shift, Ato
o'
and the attenuation, A(l/Q ) are given by
Aw
o ''"vol Xe
'(x,y,z) E (x,y,z) dxdydz
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where the volume is the volume of the perturbing material
introduced. The problem remains to induce the dipole moment
and observe the response.
If rod-like (needles) dielectric particles are
subjected to an electric field, a dipole moment will be
induced in the particles as the field forces a migration of
charge or charge separation and the resultant torque on
these particles will tend to align the particles along the
field lines in a lower energy configuration. The energy
stored in the particles because of the forced charge migra-
tion is dependent on the dipole moment, p, and the electric
field strength, E. Pauling and Wilson in Ref. 12 give the
energy stored in a polarizable material in terms of a, the
polarizability , and E as:
W = - \ a E
2
(5)
Figure 1 depicts the particle alignment process as discussed
above.
If a potential could be applied across a microwave
cavity, parallel to the microwave E-field and suspended
non-spherical dielectric particles introduced into the cavity
then the aligned dielectric particles would show a frequency
shift relative to the resonant frequency observed for randomly
oriented particles. If the particles are lossy, an attenuation
of the microwave field will also be observed. The microwave
cavities described In Section III B are designed so that a
17

potential may be applied with the geometry necessary to














The resultant resonance frequency shift and cavity
attenuation could be measured by static means applying the
methods outlined by Ginzton and Lax and Button; however, if
the particles are in a suspension and dynamically changing,
these phenomena become extremely difficult to observe. In
order to enhance the detection and measurement of this
response, modulation techniques can be applied.
Basically the techniques involve the application of
an electric field as a sine or square wave variation in order
to modulate the particle alignment with respect to the cavity
mode microwave electric field. In conjunction with the
18

modulation of the particle alignment, the microwave frequency
is swept across the cavity resonance. Figures 2 and 3 show
the two cavity resonance conditions for an aligned and random















If the applied E-field is modulated at a given
frequency, the cavity response will shift from one resonant
condition to the other at the modulation frequency and, if
a detector is set to detect and amplify the presence of this
modulation in the transmitted microwave signal, then a
measure of the response can be obtained. The magnitude of
this response depends on the difference between the two
resonance conditions and varies as the frequency is swept
over the resonant mode. Figures 4 and 5 represent the
modulation between the two resonance conditions and the
















If the modulation is applied as a sine wave then the
change in the detected response as the applied potential is
changed can be detected and gives rise to a derivative type
response with respect to the applied potential.
To better define the response illustrated in figure
5, consider a transmission cavity and a material with a
complex dielectric constant. Ditchfield in Ref. 13 developed
an expression for the transmission coefficient of a trans-









pl r ^2 r yu r
If Q is high and letting & 1 & 6 2 << 1
and a) = w + Aw then:
o
~ ^K'/r 2 2 2
t(w) = 2 ' " 1 2 RG
R
D
1 + i|Q 2 iw
u 2
Note that the width, 6
,
of the resonance is
u /6 >, 2 , r o
2" C 2 }
= 1 or 6 = ~Q~
o
The width of the resonance is also proportional to r
2
and the "height" of the resonance is proportional to 1/r
,








If the experimental apparatus is designed to respond
or measure a change in t(u) at a given frequency, then when





























In general if the dielectric constant has both real
and imaginary components then:





2 N 2 o (1 + x2 )
2
A5 (8)
Let the value of A<5 = (l-R)Aw and Aw = -R Aw
o o o
where R is a number between and 1 representing the percent-
age frequency shift ( Aw ) present in the detected signal.
Making these substitutions gives
At =
KA
"o [ R(2x-1) + 1
6 3 L d + ^2 ) 2
(9)
This function when plotted for different values of
R shows the dependence of the shape of the response on the
magnitude of the real (Aw ) and imaginary (6) sample
responses. Figure 7 depicts this function plotted for a
wholly real (R = 1.0), equal real and imaginary (R = 0.5),
and wholly imaginary (R = 0.0) type responses.
This development provides a means of determining the
approximate percentage real, and imaginary, response






If the magnitude of the response tends to approach a
constant value as the applied field is increased (i.e. the
rate of change of the response as the applied field is
increased tends to zero) the response is said to saturate [4].
Since the polarizability a is in reality a tensor quantity,
equation (5) can be rewritten in vector notation as:
W = - | 2-a-g (10)
24

The polarizability tensor is assumed to be symmetric
and diagonalized by using the appropriate orthogonal trans-




2 x y z yy
a / \ E
zz/ V z.
If E is in the x-z plane then
E = E sine
x
E = E cose
z
where
6 = angle with respect to z axis.
Then
W = - J- (o E 2 sin2 6 + a E 2cos 2 6)
2 xx zz
Furthermore if it is assumed that a >> a „ (a along
zz xx zz
particle length) then




In order* to estimate the average response of these
particles at a given E-field strength it is necessary to
calculate the average induced polarization along the
direction of the applied E-field. Assuming that a Boltzmann
energy distribution exists, the average particle response
as a function of E, f(E), will be proportional to the
average particle alignment. The average particle alignment
2is given by <cos 6> ,
2 2
it a cos 6 E




2 8 E 2
/ exp{ 2lTT ^ sine d6
however for zero E field








Therefore to calculate the average particle response it is
2 1




it 2 1 a zz
E C0S Q
/ (cos --=•) exp{ olTTv J slne d9pin J
f(E) = <cos"e-4> = rro g- (12)
/ exp{ 2TTT } sin6 d6
2 a zz
E
using A e 2kT
substituting x = cos6 , dx = -sine d6 and
integrating by parts




' / exp{A 2 (x 2-l)} dx
Let I =
1
/ exp{A 2 (x 2-l)} dx
This f(E) then becomes the average particle alignment;
however, the average response as the particles are deflected
away from an aligned configuration becomes
2 2
it , p -a E cos 6
/ (4 - cos^e) exp{ zz = } sine d6




/ . exp{ 23^ ' sin9 d9
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The solution follows exactly the same development as for
equation 12 except that A now becomes -A and
: P: * I -
-^f—I ±
' / exp{-A 2 (x 2-l)} dx
3 f ( F ")








dE 3A ' 3E





and imi a K2A 2-1) - I 2 + 2 ( }9E 2A 3
Using Simpson's Rule for Numerical Integration, a program
was developed for. the IBM 36O computer to evaluate
/ exp{A 2 (x 2-l)dx} A table of values for this
integral was developed for increments in A of 0.1. Also
corresponding values for f(E) and —r\—- were developed for
the same incremental values of A. (Tables I and II).
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If the particles are assumed to be cylindrical in shape
~ (A') 2 V . ,.,s length I
a = -^
—
—r~,— where (A 1 ) = rq *£ = -rIn A' diameter and
V = Volume = tt(|) 2 £
then a = ir£.-
< InCj)
(16)
If a set of particle dimensions are assumed a plot of f(E)
ccE
vs A where A = thttft will show the general shape of the2kT
response, f(E), as the E-field strength is increased. Figure
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It is shown that the response is not a linear function of
the applied E-field and will saturate. This curve, it should
be noted, is for only one size particle, one value of a. If
a distribution of different size particles, which implies a
spread in a values, is present the overall response will be
an average of these different line shapes which has the
effect of flattening the curve and making the maximum slope
lower.
Values of —-s4—- are also given in Figure 8. For this
graph as stated previously, a distribution in particle size
will also tend to distort the predicted curve shape, causing
a general flattening of the peak response.
C. RELAXATION TIME (FREQUENCY)
Debye in Ref. 1 defines relaxation time as "the time
required for the moments of the molecules to revert practi-
cally to a random distribution after the removal of the
impressed field." If the impressed field is modulated at a
frequency, v, corresponding to this relaxation time, t, the
particle response will be degraded because the moments can
not be induced in the particles rapidly enough to follow the
modulated field. Carrington and McLac.hlan in Ref. 14 give
the characteristic relaxation time in terms of the viscosity,
y, and the radius, a, of a sphere undergoing Brownian motion






This expression was derived from the Debye equation and the
ys viscous torque, T, on a spherical object where
T = 87rya'w
and u) = angular velocity of the sphere.
Happel and Brenner in Ref. 15 extended the treatment to
non-spherical particles by expanding the viscous torque in
a series of spherical harmonics. This development showed
that for particles having only small deviations from a sphere
,
eccentricities of approximately 0.8, the relaxation phenomena
followed that predicted for a sphere with a volume equal to
the volume of the ellipse. For higher eccentricities, neces-
sary to approximate a cylinder, higher order spherical
harmonic terms would have to be evaluated. To avoid this
necessity, another approach would be to investigate the drag
on a cylinder translating through a viscous medium in a
direction perpendicular to its axis of symmetry. Lamb in
Ref. 16 gives the resistance for a cylinder per unit length
as
dT _ 4fry U dft
1 n ,ruL
2 - y - ln (-7}|-)
where r is the radius of the cylinder, y = Euler's constant
= 0.57721566^9 from Ref. 17, K = kinematic viscosity = y/p ,




1 , /rtoJU 1 , ,ru£,
2 - Y - ln(-if|-) 2 " Y " ^T^
n/?
2 2 3
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for a rod where L = length of the cylinder, then
4. 12kTCO 2 T 3Tir L^p
Now define the dimensionless parameter, x





1 I v l/2
p- - Y ~ in K x
where
K = 3kT = 3kTp








2y - In K - 2 In x
(17)
Under Lamb's development for dT , K was required to be
<< 1 , therefore -In K will dominate the denominator as x + 1.
-2(ln x ) can be neglected because as x -> 1, -2(ln x ) * ;
however, this term has a large value, •*--«> , as x -*• but in
this region, small x, the value of the integral is ver-y small
and to a first approximation the integral is:
2 ,
x dx
1 - 2y - In K-2 In x
s /
2 ^x dx
1 - 2y - In K 3(1 - 2y - In K)
therefore
T = 8Tryw(|-) 3 3(1-2 Y -InK) (18)
Let
S = 3(1 -2y -InK)
It should be noted that this equation gives the cylinder's
viscous torque in terms of the viscous torque for an equivalent
sphere whose radius is 1/2 the length of the cylinder multi-














= relaxat i°n time for a given
cylindrical rod and the relaxation frequency is
relax = ~ ^ (19)
c
If one assumes that the particles effectively respond as
a cylinder and that these cylinders are translating in a
viscous medium of air, then predicted relaxation times and
frequencies can be determined for a range of particle sizes.
Predicted values for K, S, x , and v(relax) are given in
Table III for ZnO particles ranging from 1 to ^ microns length,
The temperature was assumed to be 300°K, u = 183 ypoise is the
viscosity of air at 300°K and p = 5.6 gm/cm J as the density
of ZnO.
D. PARTICLE SIZE DISTRIBUTION
Starting with the general equation for motion as a
description of the response of the particles, the amplitude
of the response will vary as
(20)
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The general form for the real and Imaginary components
of this function for a single value of t as a function of co











However in reality there exists a distribution of particle
sizes and consequently a distribution in t 's. To include
the effects due to the distribution in x 's. values for the
c
'
shape of equation 20 must be averaged over all T values.
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If there exists a function of two parameters w and t
,
f(io,x), and there is a distribution in the values for x 3 then




R(w) - / f(w,x) P(t) dx
_oo
P(t) = probability distribution function and is the
probability that f(w 5 x) has a value between t and x + dx .
A log-normal distribution is frequently found for functions
where negative x's are not physically realized, but where small
values must be included in the distribution. Using this
function as the probability distribution:




R (to) = .0 _ (21)
o
/ exp{-a(ln x/x ) } d(ln x)
°
where a is a measure of the spread in x's . By defining
x = In x/x then dx = d(ln x) , x = x ex and substituting




























= 1/^T thus A (In t/t ) = 2,/yc~
If x = 1
o
R(w) = v/7 / L—x e
"° X dx ( 21a ^
or as a increases, the spread in t's decrease. Using the
function = ; , figure 10 depicts the shape of the function
for various values of a.
By taking the ratio of the magnitude of the peak imaginary
response to the real response, a measure of a can be obtained.
From this the spread in t's can be inferred which then leads
to the distribution in particle sizes.
A table of this ratio as a function of a is given by
Table IV. This table was obtained by numerical integration
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In the design of an experimental apparatus to observe
and record the expected dielectric response, certain require-
ments were considered essential and methods were developed
to meet these requirements. The first requirement to be met
was the development of a method for the continuous production
of a dielectric particulate suspension so that a continuous
flow could be introduced into a microwave cavity where the
effect would be produced. The next step in the evolution of
the effect was the design and construction of microwave cavi-
ties which allowed the particles to be introduced and expelled
and an external voltage potential applied so that preferen-
tial particle alignment could take place. The final require-
ment was the development of a system of supporting and
recording equipment to supply the microwave energy and
desired frequencies, the external voltage modulation, and a
means of detecting the modulated response from the cavity and
recording the response. To this end the following sections
on SAMPLE PREPARATION AND PARTICULATE SUSPENSION PRODUCTION,
CAVITY DESIGNS, AND EXPERIMENTAL APPARATUS explain the
evolution leading to a method for the characterization of
the dielectric response.
A. SAMPLE PREPARATION AND PARTICULATE SUSPENSION PRODUCTION
Two different compositions of tubular sample cores were
utilized to produce zinc oxide particles in the vapor phase.
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One core was reagent grade zinc oxide (ZnO) and the other
was a ZnO core doped with a 0.05 mole % indium (In). The
preparation of the ZnO core was accomplished by compressing
150 to 200 grams of reagent grade ZnO powder in a coaxial
cylinder forming a thick tube of the packed powder. This
tube was then placed in a furnace and sintered at 900° C
for approximately 4 — hours, producing a very hard, brittle
core of ZnO.
In order to produce the desired indium doped sample, it
was necessary to produce indium sesquioxide (ln
?
0_) which
is a yellowish orange powder and can be readily mixed with
ZnO powder. This oxide was produced by heating a quantity
of 99.99 % pure indium wire in a combustion boat in a mullite
tube placed through a LINDBERG/HEAVIDUTY furnace at 1150° C
for approximately 1 •* hours. Complete oxidation of the
indium was insured by scraping and crushing the partially
oxidized mixture after it had been heated for approximately
35 minutes and forcing a flow of air across the boat by means
of the draft effect set up by an exhaust hood surrounding
one end of the mullite tube.
Once the InpO^ was prepared, the oxide was finely crushed
and thoroughly mixed with sufficient ZnO to produce a doping
concentration of 0.05 mole % In in ZnO. This mixture was
then sintered in exactly the same way as the reagent grade
ZnO cores were sintered. Suspended ZnO particles were pro-
duced from these cores by first reducing the solid ZnO with
hydrogen gas, releasing metallic zinc vapor, and oxidizing
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the metallic zinc with oxygen producing a dispersed suspension
of ZnO particles. Figure 11 is a cutaway view of the furnace
tube arrangement used for particulate suspension production.
The method of production was similar to that employed by
Dodson and Savage in Ref. 18 to produce single crystal ZnO.
This production was carried out in a mullite tube configured
LINDBERG/HEAVIDUTY furnace at temperatures between 1300° C
and 1000° C. Figure 27 shows the size particle produced
vs temperature of production. Hydrogen was introduced into
the tube using nitrogen as a carrier gas. It was necessary
to use nitrogen as a carrier because the low hydrogen flow
rates would not have been sufficient to create the necessary
positive down-tube flow of gas and metallic zinc. The
tubular design of the zinc oxide core allowed a second quartz
glass tube to be passed through the core's center to introduce
the oxygen gas after the reduction of the ZnO core had taken
place. Both ends of the tube were stoppered with asbestos
wrapped teflon stoppers drilled to accommodate the gas tube.
The hot gases and' suspended ZnO particles were then expelled
from the furnace and introduced, via a glass (pyrex) tube,
into the microwave cavity being used. It was assumed that
the gas and particles had cooled to room temperature (300° C)
by the time of introduction into the cavity. Figures 12(a)
and 12(b) are pictures of scanning electron microscope (SEM)
images of the ZnO particles produced in the above manner.
For experiments utilizing the reflection apparatus a

















used for the production of ZnO particles. The same type
cores and method of production were used.
B. RESONANT CAVITY DESIGNS
1. Rectangular - Flat Plate Reflection Cavity
The first cavity, figure 13, was designed to operate
as a reflection cavity in the TE _„ mode. It was also
designed to allow an external E-field to be impressed parallel
to the microwave TE in? E-field lines, figure 13 > and to allow
ZnO particles to be introduced into the cavity so that changes
in the microwave resonance could be observed. The rectangu-
lar cavity was made from standard (0.4" X 0.9") X-band wave-
guide material cut to a 5 cm length so that the cavity would
resonate in the TE,
n? mode at 8.88 GHz. 8.88 GHz was chosen
because it corresponded to the approximate peak of a mode
of the V-153C klystron used in the X-band microwave bridge
associated with the Varian unit. Standard waveguide flanges
were added to each end and a quick connect/disconnect clamp
was added to the Input end to facilitate the connection/
disconnection of the cavity to/from the transmission wave-
guide. This feature was incorporated because it was necessary
to remove the cavity from time to time to clean out precipi-
tated particles. A 0.25" diameter circular iris coupling
port was used to couple the microwave energy into the cavity
from the waveguide.
Particle entry and exit ports were constructed at
























dimension. Sleeves were added to trap any microwave energy
which might penetrate the entry/exit holes and otherwise be
lost thereby causing a lowering of cavity quality. The
geometric center was chosen because the TE,
n p
E-field pattern
is a minimum at this wall, and a node exists at the center.
A 0.010" brass plate was inserted half way down the
narrow dimension, extending across the width and down the
entire length of the cavity. The plate was held in place
by four slotted teflon pieces located in each corner, and
was insulated from the cavity walls by air spacing of approxi-
mately 1/16" . This arrangement of the plate to the cavity
dimensions was chosen so that an external E-field when applied
across the plate and cavity walls would be parallel to the
microwave E-field. This arrangement also presented the
smallest resistance to the flow of the incoming gas particles.
Also by isolating the plate from the walls, the plate does not
act as a microwave guiding boundry. Teflon was chosen because
of its low loss characteristics and placed in the corners
where the field patterns are minimal. A BNC type connector
was mounted in the far end plate away from the iris coupling
port. A pinch-type connector was fashioned from the center
conductor of the BNC and attached to the plate. The BNC
connector was then connected to the external voltage source
for application of the external field.
The reflection cavity was abandoned due to the
limitations imposed by the fixed iris coupling and the Varian
unit as explained in Section IVA . Even though the reflection
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cavity was unsatisfactory, many of the parts and concepts
were carried over to the rectangular transmission cavity.
2 . Rectangular - Flat Plate Transmission Cavity
The second cavity design, figure 14, incorporated
the same geometry of external field to microwave fields as
in the reflection cavity. The main differences were in the
method of coupling the microwave energy into the cavity and
the frequency of the cavity resonance. This cavity operated
as a transmission cavity whereas the previous design was a
reflection cavity. A cavity length of 6 cm provided a reso-
nance at 8.4 GHz. Microwave coaxial probe coupling was
utilized to excite the cavity in the TE_
n p mode. Ports for
the coupling probes were placed 1.5 cm from one end opposite each
other centered on the wide cross-sectional dimension. This
position was chosen because the field pattern for the IE,..-
mode has a maximum at this point and provides the most effi-
cient coupling. Brass sleeves were added to the ports to
insure that the probe would remain at the position needed to
provide proper coupling and prevent microwave leakage from
the cavity. Particle entry and exit, the BNC method for
voltage application, and flat plate were identical to the
methods already described for the reflection cavity.
The attempts to classify the response from the above
resonant cavity proved inconclusive. The reasons for this
conclusion are given in Section IVA . Because of these diffi-
























3- Cylindrical Coaxial Transmission Cavity
The third and final cavity, figure 15, was designed
so that the applied external E-field would be perpendicular
to the microwave standing wave E-field pattern. A cylindri-
cal cavity with a solid brass inner rod was utilized because
the coaxial cavity TEq, ~ mode has an E-field which is parallel
to and diminishes to zero at the cavity walls, figure 15.
By applying the external E-field from inner rod to outer
cavity wall the desired geometry was obtained. The externally
applied E-field is not homogeneous and shows a 1/radius type
dependence. To diminish the effect of the 1/radius variation
in the external E-field strength, it was desirable to construct
the cavity from a large diameter circular cylinder with the
inner rod having as large a diameter as possible and still
support resonance at the desired frequency. A 5 • ^ cm brass
cylinder was used with a 2.k cm brass rod located concentric
to the cylinder. The inner rod was designed to be p- cm
shorter on each end than the outer cylinder allowing a cen-
trally located particle entry and exit port and free particle
flow.
Particles were introduced into the cavity from a
central port on the front face of the cavity. Exit was pro-
vided by a port at the far end of the cavity centrally located
in the end plate. Microwaves were introduced via coaxial
transmission lines to magnetic loop type coupling from ports
located at opposite ends of a diameter approximately 1 cm

















was placed over these ports to prevent particles from accumu-
lating in the ports and affecting the efficiency of the
coupling.
Nylon screws were threaded from the rear plate into
the inner rod and held firmly by means of nylon nuts also
serving as spacers. A hole was drilled in one nylon screw
to allow a wire to be connected to the inner rod and insulated
from the outer wall. A BNC connector was inserted in the
rear plate as a means of introducing a potential from inner
rod to outer wall.
As noted in the rectangular cavity, the cavity had
to be cleaned periodically. To facilitate this the cavity
front end plate was connected with a single screw allowing
the plate to be swung open and vacuumed out with minimum
disturbance to the cavity coupling.
Even though the inner rod was designed to be approxi-
mately one cm shorter than the cavity length, the entire
cavity was assumed to be a coaxial cylinder. Under this
assumption and using the development as given by Beringer,
equation 2, a cavity length of 6 cm will produce a TE
n
,„
resonant mode at 11.3*1 GHz. Five relatively closely spaced
modes were present when the microwave frequency was swept
from 8 to 12 GHz. A strong mode assumed to be the TE012
mode was present at 11.35 GHz and was utilized as the resonant
frequency for follow on experiments. It was assumed that
the shorter inner rod had the effect of removing the degeneracy






1 . Reflection Cavity Equipment
a. Microwave Resonant Cavity
The rectangular-flat plate reflection cavity as
described in Section HIB1 was utilized with this apparatus.
The cavity was mounted vertically allowing good particle and
effluent entry/exit and easy access to the quick connect/
disconnect clamp so that the cavity could be easily cleaned.




The Varian Unit was configured with the model
V4500-10A EPR Control Unit, model V4595 Selector Panel and
a Hewlett-Packard HP-120B Oscilloscope. The V4500-10A
unit functioned as a lock-in amplifier, phase sensitive
detector, and a sine wave modulation source. The lock-in
amplifier function was necessary to detect and amplify modu-
lation frequencies of 20, 40, 100, 200, and 400 Hz. The
phase sensitive detector was necessary to detect the in-phase-
with-reference signal. It also functioned as the power
source for the V-153C klystron utilized in the Microwave X-
band bridge. A Hewlett-Packard model HP X-532B Frequency
Meter (wave meter) was utilized to obtain the approximate
cavity resonance frequency and provided a means to calibrate
the HP120B Oscilloscope so that approximate cavity Q could
be determined. It was determined that the reflection cavity


























c. Transformer And 0-500 Volt Power Supply
The transformer (turns ratio 50:110) was utilized
to increase the sine wave modulation V4500-10A output ampli-
tude peak to peak to 100 volts and the 0-500 volt power supply
suuplied a DC biasing to the sine modulation.
2. Reflection Cavity Block Diagram
Figure 16 provides a block diagram of the reflection
cavity apparatus. A 2" diameter hole was drilled into a wall
of the hood to allow the tube from the furnace to protrude
into the hood. The tube, containing the ZnO core as explained
under Section HA, was tightly plugged at each end so that
the gases were forced down the tube, over the ZnO core, into
the glass tube, and through the cavity. Some system leaks
were present; however, the leaks were only slight and
expulsion of particles from the tube and through the cavity
was obtained. The exhausted ZnO particulate suspension was
removed by the exhaust hood, removing the possibility of a
health hazard from inhalation of the smoke.
3. Transmission Cavity Equipment
a. Microwave Resonant Cavities
The rectangular-flat plate transmission and the
cylindrical coaxial transmission cavities were utilized with
this apparatus. These cavities were described in Section IIIB2
& IIIB3. The sample, ZnO, was introduced into the cavity by
a glass tube from the furnace tube end to the cavity particle
entry port. The glass tube was constructed with a flexible
rubber joint to allow access to the cavity for cleaning
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without having to disturb sample production or microwave
coupling into the cavity. Since the cavities were trans-
mission type, crystal detectors were used to detect the
microwave energy and transmitted via coaxial cables to the
Princeton Applied Research (PAR) lock-in amplifier/phase
detector. The crystals used were Hewlett Packard model
HP423A or model HP8470A crystal detectors.
b. Hewlett-Packard HP 869OB Sweep Oscillator
The sweep oscillator operated in the 8-12 GHz
region to supply the resonant cavity microwave fields. The
output frequency was swept at various rates across a band of
frequencies sufficiently wide to observe a resonant cavity
mode. The variable sweep speed was utilized to allow suffi-
cient modulation time for a detectable response across the
resonant mode. A 20 dB Hewlett-Packard model HP779D direc-
tional coupler was connected to the oscillator output to
sample the output and send a small signal through a Beckrnan/
Berkeley Transfer Oscillator model 7580 to an R-390/URR Radio
Receiver (500 KHz to 32 MHz). The output from the R-390 was
used as the negative vertical input to a Tektronix Type 503
Oscilloscope to provide 5 MHz calibration spikes on the scope
face
.
These calibration spikes provided a means for
determining the sensitivity of the cavity, or cavity Q, and
how much effect the internal plate, for the rectangular cavity,
or the inner rod, for the cylindrical cavity, had on the
cavity Q. The Q was measured as the resonant frequency divided
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by the width of the resonance at half maximum (3 dB point)
on the scope. Q determinations were made before and after
modifications from the basic rectangular and cylindrical
cavity. The rectangular cavity Q was lowered from approxi-
mately ^800 to 2900 and the circular cavity from approximately
5000 to 3000.
c. Princeton Applied Research Lock In
Amplifier/Phase Detector, Model 121
The lock-in amplifier was required to lock onto
a given modulation frequency, supplied as reference to the
amplifier, and detect the presence of this frequency signal in
the signal transmitted from the resonant cavity. Phase detec-
tion was necessary to discriminate between the transmitted
real (in phase with reference) and imaginary (90° out of phase
with the reference) response in order to obtain the peak real
to imaginary ratio for determination of particle size
distributions .
The alignment and proper phasing of the model 121
was accomplished by taking the output from the Square Wave
Generator and utilizing this output as both reference and
input response. The input was first attenuated by a fixed
100K attenuator to approximate the power levels expected from
the resonant cavity. The reference level was always fixed
at half of the maximum scale reading, then the lock-in fre-
quency was adjusted to match the output from the Square Wave
Generator by turning the frequency control knob until a
maximum deflection was obtained on the scale.
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To insure that the phase detector was properly
aligned the phase function switch was changed from 0° phase
difference (reference to input) to 90° phase difference.
With the detector now operating to detect 90° out of phase
response the phase was adjusted to zero response by adjusting
a variable (0-100°) phasing control. Once zero response was
obtained the phasing control was fixed and it was assumed
that the lock-in amplifier/phase detector was locked to the
square wave output and set up to detect 0° and 90° phase
difference responses by means of changing the phase function
switch. Each new modulation frequency required the above
steps to be repeated to insure proper phasing.
The amplifier was checked in the range of frequen-
cies from 1.5 Hz to 9000 Hz to test the flatness of the trans-
mitted output. It was determined that there was no fall off
in the transmitted output for the frequencies utilized. How-
ever the output was lower at frequencies above 3000 to 4000




and no adjustments were made to
the readings from the recorder that otherwise would have had
to be adjusted for fluctuations in transmitted power,
d. Honeywell Electronik 193 Strip Recorder
The output voltage from the PAR lock-in amplifier/
phase detector was fed into the input voltage on the recorder.
The zero scale point was adjusted so that both positive and
negative deflections would be recorded. Recorder speed was
normally set at 40 seconds/inch. Figure 18 is a sample of
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the response recorded at 10 seconds/inch to give more clarity
to the line shape of the response for comparison to figures 5
and 7- Normally 40 seconds/inch was used because the only
data required was the peak to peak response.
e. Square Wave Generator
A Hewlett-Packard HP3300A Function Generator
was used to supply the basic square wave modulation. A
Beckman EPUT (Events Per Unit Time) Meter, model 6127, was
utilized to give an accurate monitor of the actual modulation
frequency supplied by the HP 3300A. The output from the
HP 3300A was sent to the PAR lock-in amplifier/phase detector
as the reference input and also supplied to a 1200 Volt silicon
controlled rectifier (SCR) circuit. This circuit biased the
square wave signal to a positive potential. This biased
square wave was then amplified by a 0-1000 volt DC power
supply and supplied the operating potential between the elec-
trode and cavity walls. Another Tectronix type 503 oscillo-
scope was utilized to monitor the output voltage and display
of the shape of the square wave output. A decreasing wave
height (lowering voltage across the cavity) provided a means
of detecting when an electrical short had developed between
the center electrode and the cavity wall.
f. Princeton Applied Research, model 160, Boxcar
Integrator
The Boxcar Integrator was used in place of the PAR
lock-in amplifier/phase detector to obtain an accurate wave
form recording of the response for estimating the relaxation
time. Results using this are described in Section IVD.
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4 . Transmission Cavity Block Diagram
A block diagram of the equipment previously described
is provided by figure 17. The hood arrangement and ZnO
production was the same as explained in Section IIIC2, with
the exception that the 1100° C furnace was replaced by the




The experimental investigations listed below were performed
on the transmission experimental apparatus utilizing the final
cylindrical coaxial cavity as described in Section IIIB3. The
Response versus Applied E-field and Relaxation Frequency
experiments were also investigated utilizing the rectangular
cavities (reflection and transmission) however these experi-
ments were rejected because of the problems encountered with
the rectangular cavity designs and the superior results
obtained with the cylindrical cavity.
1 . Cavity Response versus Applied E-field
ZnO, produced at 1250° C, at a hydrogen flow rate of
24 ml/min, a nitrogen flow of 8.5 CFH, and an oxygen flow of
80 ml/min was introduced into the cylindrical coaxial cavity.
A square wave modulation frequency of 31.7 Hz was applied to
the cavity varying the amplitude of the applied modulated
potential from volts to 950 volts in increments of 50 volts.
For a discussion of the conversion of applied voltage to





































The PAR lock-in amplifier/phase detector was aligned as
previously reported and the in-phase response was recorded
exclusively.
When the sweep time on the HP8690B Sweep Oscillator
was decreased to approximately 0.01 of the time used for the
square wave determinations and the applied voltage was slowly
(manually) increased from to 950 volts, a sine wave modula-
tion was applied to the cavity to obtain the rate of change
of the cavity response versus applied E-field. For this
determination the strip recorder was replaced by a Hewlett-
Packard Mosley X-Y Recorder to record the magnitude of the
change in response versus applied E-field. This method gives
the derivative of the response with respect to the applied
E-field. The results from this experiment are compared to
the square wave results in Section IVB.
Since the size and shape of the ZnO particles in the
effluent are highly sensitive to fluctuations in reactant
gas flow rates, as reported by Vogel, et al, [7], a normaliza-
tion to 300 Volts {190V/cm) was employed. The normalization
was accomplished by performing a determination at 300 Volts
(190V/cm) in between each voltage trial, thereby minimizing
effects of changing ZnO particles with time.
2 . Relaxation Frequency and Particle Size Distribution
For these investigations the in-phase and out-of-phase
cavity responses were obtained utilizing the alignment proce-
dures described earlier. These responses were obtained at
various frequencies from 3 Hz to A00 Hz holding the applied
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E-field at 190 V/cm. After each new frequency determination
,
a 31-7 Hz determination was taken so that the response could
be normalized to this frequency to eliminate fluctuations in
the response due to flow variations. Section IVD presents
the results of these experiments.
3. Particle Characterization
a. Cavity Response vs Temperature (ZnO Production)
To classify the variable of temperature, fixed
hydrogen, oxygen and nitrogen flows as reported previously
were utilized while the temperature was varied from 1000° C
to 1300° C. Particle samples were also collected at each
temperature and scanning electron microscope photos of each
were obtained to also show the variation of particle size and
shape with temperature. These results are reported in Section
IVP and figures 26, 27 and 28.
b. Cavity Response vs Reactant Gas Flow Rates
The in-phase response was recorded as the flow
rate of first hydrogen then oxygen was varied. Results are
reported in Section IVP and figures 29 & 30.
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IV. RESULTS AND DISCUSSION
Section HID provided a short introduction to the varia-
bles investigated, especially on saturation behavior and
relaxation frequency investigations, to support the developed
theory. Not included in any detail are the reasons for the
decisions made to abandon an experimental apparatus or the
problems encountered with specific methods. This section
treats in greater detail the reasons why the evolution
progressed in the manner in which it did.
The primary objective was to establish that the detected
dielectric response was in fact a response produced by sus-
pended particles. Evidence and conclusions establishing the
fact that the observed response was from the suspended parti-
cles and supported the developed general theory is presented
in the first two sections.
This basic response was then applied to saturation and
relaxation frequency investigations to corroborate the theory
developed in these areas and to serve as illustrations of
some of the information which can be gained about particulate
suspensions utilizing this method.
Finally, the characterization of the dependence of the
response as a function of ZnO production parameters is pre-
sented. These determinations were in reality the first inves-
tigations performed because it was necessary to find the
conditions which would produce the maximum enhancement of
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the detected response so that a constant basis could be
formed for evaluating the other investigations.
A. BASIC RESPONSE
The first attempts to observe and record the dielectric
response by modulating between an aligned and non-aligned
particle position were made with the reflection cavity and
the Varian Unit. Attempts were made to record a response
similar to that of figures 5 and 7 and to record a derivative
response versus the applied electric field.
The reflection apparatus was discontinued due to several
limitations which became evident after preliminary trials.
These limitations were: (1) the ZnO particles introduced
into the cavity rapidly accumulated in the cavity and degraded
the response and finally led to a shorting of the applied
potential, (2) the fixed iris coupling did not permit any
flexibility in the amount of coupling of microwave energy
into the cavity. This was a limitation because the cavity
response could not be adjusted to provide a consistent basic
cavity resonance condition and finally, (3) the system was
basically designed to employ a sine wave modulation and pro-
duce a derivative response; however, a derivative response
is characteristically less sensitive than the direct response.
These facts coupled with a low Q cavity led to a response
which was extremely noisy.
The second attempt employed a square wave modulation,
giving a direct as opposed to the derivative response, a
higher Q transmission cavity with a variable coupling feature
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and larger volume (6 cm in length versus the 5 cm reflection
cavity) so that particle build up would not occur as rapidly
as in the reflection cavity.
Using the square wave and varing the modulation amplitude
from zero to the voltage applied, the rectangular transmission
cavity was utilized with the equipment described in Section
IIIC3 to obtain the desired response. A response similar
in form to that described by figures 5 and 7 was obtained.
Attempts to classify this response by recording the magnitude
of the response versus the applied E-field to confirm satura-
tion behavior were only partly successful. When the voltage
was reduced to zero the response dropped to zero; however,
when the ZnO production was stopped, allowing only nitrogen
gas to enter the cavity, and with the E-field modulation
still applied to the cavity, a considerable response remained.
It was concluded that as the ZnO particles were introduced
into the cavity some of the particles would precipitate out
of the suspension and adhere to the cavity walls and plate.
These particles tended to build up along the applied E-field
lines from the plate to the cavity walls and effectively
formed very large particles. Since the TE,,.- mode E-field
patterns are strong at the position of the plate, the "stuck"
particles contributed significantly to the observed response.
Corrections to the observed data could have been applied;
however, in order to apply an accurate correction, a zero
ZnO flow response would have to be made for each voltage
determination. This in itself would lead to other more
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serious problems because of the sensitivity in the response
exhibited by the ZnO to fluctuations in flow rates of the
reactant gases. Figures 29 and 30 illustrate the change in
the response with changing hydrogen and oxygen flow rates.
For an experimental determination to have meaning, it would
require an ability to accurately return to fixed, constant
hydrogen and oxygen flow rates so that the ZnO produced would
respond in a predictable manner. The flow meters available
were not accurate enough to meet the standards imposed by
this requirement; therefore, the responses recorded from the
rectangular transmission cavity had an intrinsic error of
variable magnitude. It may be possible to utilize a rectangu-
lar cavity for these measurements if it can be established
that the "stuck" particle response is a given percentage or
some known or determinable function of the total response
for a given E-field strength and modulation frequency. The
necessity for defining such a correction function was circum-
vented in this study by searching for a suitable cavity design
for which resonant modes exist that do not have strong
microwave E-fields at potential particle accumulation sites.
The field configurations listed by Ginzton [lM] for a
coaxial transmission line show that the TE
n
, mode supplies
the required microwave E-field pattern. Assuming that the
cavity described in Section IIIB3 is a coaxial cylindrical
cavity, the TE
fi
, „ mode was chosen as the cavity mode of
operation. The E-field lines in this mode are concentric
with the coaxial cylinders and diminish to zero at both the
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inner rod and outer wall. If the modulated E-field is applied
from inner rod to outer wall, the response will be that of
aligning the particles perpendicular to the microwave E-field.
This response should conform to the predicted response of
P(E) in Section IB. This method has the effect of lowering
the overall sensitivity of the system by a factor of two
because of the randomness of the particle alignment parallel
to the microwave E-field when the applied E-field is zero.
However, any "stuck" particles will be aligned perpendicular
to the microwave E-field making negligible contribution to
the observed response; and, the accumulation of precipitated
particles takes place in a region of lov; microwave E-field
intensity. These factors effectively eliminated the problem
of the precipitated particles, and provided a means of
measuring the effects produced by the suspended particles
only. As a check that the "stuck" particle problem was
solved, ZnO production was stopped and an E-field applied
to the cavity. The response dropped to zero as the ZnO
production was stopped. As a further indication that the
observed response was from suspended particles, the oxygen
flow was decreased allowing a higher percentage of metallic
zinc to accumulate on the ZnO particles producing an effec-
tive particle of increased conductivity. When the oxygen
flow was stopped meaning that ZnO was no longer being pro-
duced the response dropped to zero; however, if accumulated
particles had been contributing to the response, there would
have been a response for the zero ZnO production.
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The cylindrical coaxial cavity was the cavity utilized
to verify and characterize the particle response . The
externally applied E-field strength for this cavity is not
constant but shows a 1/radius type dependence as stated
previously. This calculation was performed assuming coaxial
geometry and applying Green's theorem to a Gaussian surface
parallel to the cavity walls. In order to account for the
variation in the applied E-field strength and the variation
in microwave E-field strength, it was necessary to calculate
an effective spacing between the inner rod and outer wall to





k = a constant (22)
The applied potential difference is:
V - - /
r
E • dr where r and r„ are
the inner and outer
wall radii
Upon substitution of E, solving for k, and replacing k in
Equation 22 yields:




























where the averaging process accounts for the applied E-field
r-r

















V- L L \ (23)
Therefore the average E-field strength is the value of the
E-field evaluated at the middle of the spacing between the
inner and outer walls. For the cylindrical coaxial cavity
with r, = 1.2 cm and r
2
= 2.7 cm an effective spacing of
1.581 cm was calculated from equation 23. The E-field
strength in Volts/cm then is equal to the applied voltage
divided by I.58I.
Figures 18 a, b, and c show the recorded responses from
zinc oxide particles produced at 1250° C. The cylindrical































































potential modulated at 17.2, 172 and 1735 Hz (square wave)
applied from inner rod to outer wall. The in-phase response
was taken as the 0° phase difference from reference output
from the PAR Lock-in Amplifier/Phase Detector and the out-of-
phase response as the 90° phase difference response. The
relative amplitude (peak to peak) for the in-phase response
was utilized as the response for the saturation behavior
investigation and as the real response in the relaxation and
particle size determinations. The out-of—phase response was
only used in the particle size determination as the imaginary
response. These investigations are presented in greater
detail in Sections IVD and IVE
.
The recorded responses are shown versus time. This time
is related to the microwave frequency by the sweep speed,
center frequency, and sweep width used on the HP8690B
Sweep Oscillator. For the investigations performed in this
study, it was not necessary to make the conversion since only
the peak to peak amplitude was utilized as the cavity response.
To illustrate • to some extent the difficulties encountered
with changing ZnO production, figure 19 is a comparison of
the in-phase response recorded for ZnO particles produced
from the same ZnO core, doped with 0.05° mole % In, under
equivalent reactant gas flow conditions and a modulation
frequency of 31.7 Hz. The two responses were recorded six
days apart. During this interval the ZnO core remained in
the furnace at 900° C. The furnace temperature was increased
from 900° C to 1250° C for the particulate suspension production,
7^






























If these two responses are compared to figure 7 which illus-
trates the predicted response line shape for different percen-
tage real responses, the particles produced from the ZnO
core the longer the core had remained in the furnace showed
an increased real (less lossy) response which may be the
result of core "aging" or slight fluctuations in the reactant
gas flow conditions or a combination of these effects. This
apparent change with time of the core and the sensitivity of
the response to fluctuations in reactant gas flow rates made
it necessary to perform an experimental investigation continu-
ously without stopping particle production, changing produc-
tion temperature or gas flow rates. These principles were
employed as much as possible. To further negate the effects
of the fluctuations in the response normalization techniques
were employed for the saturation behavior and relaxation
frequency experiments.
B. DERIVATIVE RESPONSE
In addition to the basic response from square wave modu-
lation at a fixed electric field strength, a derivative
response was obtained using a sine wave and manually varying
the E- field strength applied to the cavity. The strip recor-
der was replaced with an x-y recorder and the sweep time on
the sweep oscillator was decreased to 0.01 of the time utilized
for the square wave. Figure 20 illustrates the derivative
response obtained utilizing the cylindrical coaxial cavity
and 100 Volt, peak to peak, sine wave modulation at 31-7 Hz.































provided a positive bias to the sine wave ; however, the
non-linear effects of the circuit produced a hysteresis
phenomenon in the recorded output as indicated by the differ-
ent paths for increasing and decreasing applied E-field. For
computational purposes the increasing E-field response curve
was utilized. The normalized integrated response using this
technique is presented in the following section along with
the square wave response and predicted saturation curves to
characterize the saturation behavior exhibited by the ZnO
particles produced.
C. SATURATION BEHAVIOR
In Section IIB a development was given for the predicted
response that non-spherical particles should exhibit when
subjected to an applied electric field. The response, f(E),
versus A was shown in figure 8 where A = /pTTp E. A develop-
ment was also presented for F(E), the response predicted for
particles being deflected away from the applied field which
is the cylindrical coaxial cavity situation. If the values
of F(E) for increments in A from Table II are plotted the
resultant curve would predict the cylindrical cavity response
o.
versus A or the response versus applied E-field if pT-m = 1
The E-field has to be given in statvolts/cm to conform to
the e.s.u. cgs units used with equation 16 for the approxi-
mate value of a. The saturation investigations which were




Two methods, the direct and the derivative response,
were utilized to characterize the saturation behavior of
the ZnO particles produced. Particle samples were collected
while the experiments were in progress and allowed to precipi-
tate onto metal discs so that scanning electron microscope
(SEM) photographs could be obtained. From these photographs
the particles were estimated to be approximately three
microns in length and have an effective length to diameter
ratio of approximately 40.
Figure 21 presents the direct results obtained using a
31.7 Hz square wave modulation and increasing the applied
E-field from to 600 Volts/cm (0 to 2 Statvolt/cm) . The
responses were normalized to 190 Volts/cm to eliminate the
effects of changing ZnO production as explained previously.
The solid line in figure 21 is the predicted response versus
applied E-field obtained from F(E) vs A by multiplying the
A values from Table II by a scale factor of 1.7 and the F(E)
values by a scale factor necessary to expand the F(E) values
to conform to the' normalized response.
From the scale factor of 1.7 a value for a was obtained
because the graphical limits were set up so that when
A 6 I 1.7 10.2, E 2 Statvolt/cm = 600 Y/cm therefore:
A = 3E , where 3 = 2kT
3 =
A
= 1^2 = = a
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which yields an a = 2.15 X 10 cm . A length to diameter
ratio of 40 was assumed for the ZnO particles produced.
From equation 16 an effective particle size, I, of approxi-
mately 2.16 microns was calculated.
The increasing applied field derivative response, figure
20, was integrated on a Hewlett-Packard Model 9100A Calcula-
tor utilizing the Simpson's Rule Integration program avail-
able with the Model 9100. This integrated response, norma-
lized to the 190 Volt/cm response, is presented in figure 22.
As with the direct response the solid curve represents the
predicted response. The scale factor multiplying A in this
instance is 1.25- Using the same development as presented
**
—12 — 3for the direct response an a = 1.16 X 10 cm and a
particle size of approximately I.76 microns was calculated.
This development has characterized the saturation behav-
ior of ZnO particles and provides a means for determining
the average size of the suspended particles. The following
sections provide other means for size and size distribution
determinations along- with characterizing other important
parameters such as the relaxation time and frequency asso-
ciated with the size of the particle produced.
D. RELAXATION TIME AND FREQUENCY
Figure 9 from Section IID which illustrates the predicted
real and imaginary response from equation 20 can be utilized
to determine the relaxation frequency directly. In order
to verify the predicted line shape an investigation of the
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was performed. Figure 23 is a plot of both the real and
imaginary response obtained as explained in Section IIIC3c
and at frequencies from 3 to 400 Hz using a 300 Volt square
wave. The square \vave magnitude of 300 Volts (190 Volt/cm)
was chosen because the response at this voltage is not
saturated. As explained before a normalization was required
to negate the effects of changing ZnO production. In this
case 31-7 Hz was chosen as the normalization frequency and
a determination at 31-7 Hz was performed after each new fre-
quency. It was noted that highly divergent data points
resulted for those frequency determinations for which the
before and after 31.7 Hz response did not remain approximately
constant. These results were rejected as being spurious and
are not included in figure 23.
The relaxation frequency was taken as the point where
the in-phase response had fallen to one half its original
value (0 Hz modulation). A frequency of 56 Hz was determined
to be the approximate relaxation frequency for the ZnO parti-
cles produced. However this 56 Hz is only an approximation
due to the scatter in the data and the range of values possi-
ble because of the log plot for small variations in the deter-
mination of the one half response point. The shape of the
experimental curve does show in general the same shape for
the real portion of the response function as illustrated by
figure 9. From SEM photographs, figure 24a, of the ZnO
particles produced during this investigation an average
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obtained. The predicted relaxation frequency for a particle
size of 2 to 4 microns from Table III is from 170 to 24 Hz.
Also from Table III the experimental frequency of 56 Hz
yields a particle size of slightly less than 3 microns, thus
the experimental results are in good agreement with the size












To further define the relaxation frequency the PAR Boxcar
Integrator was inserted in the experimental apparatus,
Section IIIC3f, and a plot of the applied waveform obtained,
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figure 25. The relaxation time was taken as the time required
for the exponential decay to fall to 1/e of its maximum value.
From figure 25 a relaxation time of approximately 2.1 X 10
sec was obtained. The relaxation frequency was then calcu-
lated from equation 19 to be approximately 75 Hz.
Again from Table III, 75 Hz corresponds to a particle
size between 2.5 and 3-0 microns. The Boxcar Integrator
investigations were not performed on the same day as the
previous experiment. The fluctuations due to possible core
changes could account for the difference in relaxation fre-
quencies observed. However from SEM photographs, figure 24b,
the ZnO particles produced during the Boxcar Integrator
investigations had an estimated average particle size of
approximately 2.5 microns. The relaxation time corresponding
to the 56 Hz determined relaxation frequency is 2.8 X 10
_^
sec and is in good agreement with the 2.1 X 10 sec obtained
from the Boxcar Integrator.
E. PARTICLE SIZE DISTRIBUTION
The out-of-phase response (Imaginary) was plotted on the
same graph as the in phase response, figure 23- This response
also followed the general form predicted by figure 9- The
ratio of the peak imaginary response to the peak real response
was estimated to be 0.48. From Table IV a ratio of 0.48
yields a c of approximately 6.3- By substitution of a = 6.3
Into: a(ln t/t ) 2 = 1
o


































Therefore the width of the distribution in t values will
be from 0.601 t to 1.398 t . If t is taken to be 2.^5 X 10~ 3
o o o
sec which is the average of the relaxation times from the in
phase response and the Boxcar Integrator investigations then
the distribution in t values would be from 1.47 X 10 sec
to 3.^2 X 10 sec. By a comparison of the t values to the
particle sizes in Table III these t values infer a particle
size, L, of 2u < L < 3.5y.
The particle sizes as used in the foregoing development
are in reality effective particle sizes. The effective
particle size was assumed to be the tip to tip distance of
adjacent legs of the fourling and not the total particle
size measured along the legs. It was further assumed that
there were a sufficient number of non-symmetrical particles
i.e., broken or fragmented fourling structures, present in
these samples to account for the observed response.
In Section IIIA it was mentioned that two different ZnO
cores were used for particle production. In the original
determinations using the reflection and transmission cavities,
ZnO cores with 0.05 mole % In doping were utilized. A series
of trials were conducted with the reagent grade ZnO cores
and the cylindrical cavity; however, the results from these
trials were irratic and could not be repeated or reproduced
to any degree of accuracy. The response was strongly degraded
for the reagent grade ZnO core when compared to the response
obtained under similar conditions with the In doping. The
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doped samples did not appear to be different from the reagent
ZnO with respect to size or fourling formation.
The increased conductivity of the indium doped samples
may account for the difference in the magnitude of the
observed response because of the subsequent increase in the
polarizability . Without exception the results reported were
those obtained with the doped ZnO cores.
P. PARTICLE CHARACTERIZATION
1. Response versus Temperature (ZnO Production)
To obtain the maximum response from the ZnO particles,
the response was measured as the ZnO production temperature
was increased. Figure 26 illustrates the relative response
of the ZnO particles as the temperature at which the particles
were produced is increased. Reactant gas flow rates were
held constant at 26 ml/min hydrogen and 85 ml/min oxygen.
Particle length as a function of production temperature is
presented in figure 27. These particle lengths were deter-
mined from SEM photographs, figure 28, of particles collected
at each temperature. The greatest response was recorded at
1250° C. It was for this reason that the investigations of





Reactant Gas Flow Rates
As previously noted the response exhibited by the
ZnO particles was highly sensitive to fluctuations in gas
flow rates. Figure 29 shows the dependence of the response
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at 85 ml/min. A 500 Volt, 17.2 Hz squarewave was applied
to the cylindrical cavity. Figure 30 shows the dependence
of the response under the same modulation conditions on
oxygen flow rates holding the hydrogen flow rate constant
at 27 ml/min. The maxima for each curve were used for the
investigations; however, due to changing conditions among
gas flow rates, ratios, and possible changes in the ZnO core,
the flow had to be adjusted frequently to maintain some
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V. SUMMARY AMD CONCLUSIONS
Starting with dielectric methods developed for the
investigation of molecular systems, a description has been
developed to predict the dielectric behavior of larger
(i.e., on the order of microns instead of angstroms) non-
spherical particles suspended in a gas. The characteristic
dielectric responses of saturation and relaxation were
expanded. As stated in the Introduction, molecular satura-
5tion requires a field strength on the order of 10 Volts/cm
12
and an oscillating field on the order of 10 Hz for orienta-
tional relaxation. The predicted corresponding relaxation
frequency for the suspended particles is on the order of
10 to 10 3 Hz.
This decrease in relaxation frequency is a direct result
of the increased time required for the larger particles to
reach an equilibrium alignment when subjected to a forcing
field. The decrease in the strength of the field needed
to produce saturation is a result of the increased polari-
zability associated with the larger particles and the larger
aligning torque.
Utilizing the concepts developed, an experimental apparatus
was developed to investigate non-spherical particulate sus-
pensions. The apparatus consisted of a microwave resonant
cavity designed to allow the introduction of suspended parti-
cles and the application of an electric field to force
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particle alignment, and supporting equipment to detect and
record the change in the cavity resonance as the suspended
particles were aligned. To enhance the detectability of
this response, modulation techniques were employed to modu-
late the particle alignment with respect to the resonant
microwave E-field.
Different cavity geometries and methods of application
of the electric field were investigated to find the cavity
which would produce the most well defined response. A
cylindrical coaxial cavity operating in the TE
n
, ? mode and
resonant at 11.35 GHz was utilized to supply the necessary
microwave resonance and aligning electric field application
from inner rod to outer wall.
A lock-in amplifier and phase sensitive detector were
employed to detect and amplify the presence of the modulation
frequency in the detected cavity microwave output. Both in-
phase and out-of-phase signals were recorded.
Saturation behavior was investigated utilizing two
methods and a particulate suspension of zinc oxide particles.
The first method investigated the direct cavity response.
The second method involved the detection of the derivative
cavity response. These two methods when compared show good
correlation in the general response dependence on applied
E-field strength and indicate that the particles produced
exhibited saturation behavior for an applied electric field
in excess of 400 to 500 Volts/cm.
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Relaxation time (frequency) determinations were made by
two methods also. The detected, in-phase, cavity response
as the modulation frequency was increased indicated that the
particles produced had an approximate relaxation time of
2.8 X 10 sec (56 Hz). To verify this value a Boxcar
Integrator was utilized in place of the lock-in amplifier/
phase detector. The determined relaxation time for this
method of 2.1 X 10~ 3 sec (75 Hz) further supports the
developed methods.
Particle size determinations were also performed in
conjunction with the saturation and relaxation investigations.
Table V presents a comparison of determined particle sizes
to collected particle sizes determined from scanning electron
microscope (SEM) pictures of particles collected during the
investigations. Particle size distribution was determined
from the ratio of the detected in phase and out of phase
response. The particles ranged from approximately 2 to 3-5
microns (y) in length.
VARIABLE




icle size (SEM) 3.0y 3-0y 2.8y 2
.
5v
Experimental ~ -, Q on,,
particle size 2 ' 2y 1 ' 8 » l 3y 2>9y
Comparison of Determined Particle Sizes




Also investigated was a characterization of the dependence
of the response to various zinc oxide production parameters.
It was determined that the most intense response at a given
modulation frequency and applied electric field strength was
obtained when the zinc oxide suspension was produced at 1250° C
and hydrogen and oxygen flow rates of 2 7 ml/min and 85 ml/min
respectively.
The general shape of the response curves obtained from
the different methods and the satisfactory agreement shown
for the calculated size of the particles produced provide
adequate evidence that the apparatus and experimental theory
developed produce and describe the expected microwave
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